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Objectives Open-labelled clinical trials suggested that low-dose il-2 might be effective in treatment of systemic lupus erythematosus (sle). a double-blind and placebocontrolled trial is required to formally evaluate the safety and efficacy of low-dose il-2 therapy. Methods a randomised, double-blind and placebocontrolled clinical trial was designed to treat 60 patients with active sle. These patients received either il-2 (n=30) or placebo (n=30) with standard treatment for 12 weeks, and were followed up for additional 12 weeks. il-2 at a dose of 1 million iU or placebo was administered subcutaneously every other day for 2 weeks and followed by a 2-week break as one treatment cycle. The primary endpoint was the sle Responder index-4 (sRi-4) at week 12. The secondary endpoints were other clinical responses, safety and dynamics of immune cell subsets. results at week 12, the sRi-4 response rates were 55.17% and 30.00% for il-2 and placebo, respectively (p=0.052). at week 24, the sRi-4 response rate of il-2 group was 65.52%, compared with 36.67% of the placebo group (p=0.027). The primary endpoint was not met at week 12. low-dose il-2 treatment resulted in 53.85% (7/13) complete remission in patients with lupus nephritis, compared with 16.67% (2/12) in the placebo group (p=0.036). no serious infection was observed in the il-2 group, but two in placebo group. Besides expansion of regulatory T cells, low-dose il-2 may also sustain cellular immunity with enhanced natural killer cells. Conclusions low-dose il-2 might be effective and tolerated in treatment of sle. Trial registration number ClinicalTrials. gov Registries (nCT02465580 and nCT02932137).
InTrOduCTIOn
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease with a wide range of clinical manifestations. Sustained remission is achieved in only a small fraction of patients. [1] [2] [3] Current treatment regimens mainly rely on corticosteroids and immunosuppressive agents which are associated with substantial adverse effects including various infections. [4] [5] [6] Defective IL-2 production contributes to the unbalanced immune system in SLE. [7] [8] [9] [10] Previous short term open-labelled trials showed that low-dose IL-2 treatment promoted regulatory T (Treg) cells and inhibited T helper 17 (T H 17) cells and follicular helper T (T FH ) cells. The immunological rebalancing was associated with the induction of remission in SLE patients. 11 12 The benefits of low-dose IL-2 therapy were reported in case study and open-labelled trials for hepatitis C-associated vasculitis, 13 graft-versus-host disease, 14 15 type 1 diabetes, 16 alopecia areata 17 and SLE. 11 12 In contrast to increased infection risk associated with standard therapies in SLE, we observed no serious infection in previous study, 11 which was in line with the report showing that low-dose IL-2 ameliorated hepatitis C virus-induced vasculitis without increasing viral load. 13 From an immunological perspective, IL-2 treatment may enhance virus-specific CD8 + T cell responses 18 and promote the activity of NK cells against infections. 19 20 
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To formally evaluate the safety and efficacy of low-dose IL-2 therapy in SLE, we carried out a randomised, doubleblind, placebo-controlled trial in patients with active SLE, with response rate as the primary endpoint. Given that infection is a major cause of relapse, hospitalisation and death in patients with SLE, 5 6 and that low-dose IL-2 might increase anti-infectious immune response, 13 21 we determine whether low-dose IL-2 treatment benefits SLE patients by inducing clinical improvement without increasing the incidence of infection.
MeTHOdS Patients
All SLE patients were diagnosed according to the 1997 revised classification criteria of the American College of Rheumatology, 22 and had an inadequate response to standard treatment for ≥3 months. The background treatment with corticosteroids, antimalarials and immunosuppressants was shown in online supplementary appendix table S1 and S2. Exclusion criteria included: active severe neuropsychiatric manifestations of SLE; history of treatment with rituximab or other biologics; use of high-dose corticosteroids (≥1.0 mg/kg) in the preceding month; severe comorbidities including heart failure (≥grade III New York Heart Association), renal insufficiency (creatinine clearance ≤30 mL/min) or hepatic insufficiency (alanine aminotransferase or aspartate aminotransferase ≥2 times of the upper limit of the normal range); active infection (hepatitis B or C virus, Epstein-Barr virus, HIV or Mycobacterium tuberculosis); history of chronic infection; malignancy; pregnancy or lactation in females.
Study design and blinding
We conducted a randomised, double-blind, placebo-controlled study to verify the clinical response and safety of low-dose IL-2 (recombinant human IL-2 from Escherichia coli, Beijing SL PHARM) for the treatment of active SLE ( ClinicalTrials. gov number NCT02465580). Sixty patients with active SLE at 18-65 years of age were included. Patients were randomly assigned (in a 1:1 ratio) to one of the two arms (low-dose IL-2 or placebo) in the study.
All patients, investigators, sponsor and study staff were blinded to treatment. All clinical and laboratory assessments were performed by qualified, trained investigators who were blinded to the patient's safety data, previous efficacy data and treatment randomisation. Placebo was provided as sterile and lyophilised vials completely matching those of IL-2 in appearance, which contained the same formulations as the study drug except without IL-2.
In addition to standard therapy, IL-2 (1 million IU) or placebo was administered subcutaneously every other day for 2 weeks (seven injections), followed by a 2-week break, as one treatment cycle of 4 weeks. All the patients were treated for the first 12 weeks which included three treatment cycles with IL-2 or placebo and followed up for further 12 weeks without study medicine. Patients were evaluated at screening, every 2 weeks to week 12, and every 4 weeks thereafter to week 24. Assessments included physical examination and laboratory tests for signs of effects. At each visit, patients were evaluated by investigators to determine whether it was necessary to adjust the dose of glucocorticoids. T cells and NK cells in peripheral blood mononuclear cells (PBMCs) were measured at each time point. Complete blood count (CBC), complete metabolic profile, urinalysis, serum immunoglobulin, C3 and C4, anti-dsDNA antibodies and antinucleosome antibodies were measured on the same schedule. Urine protein and serum albumin concentrations were also measured in patients with urinary protein excretion >0.5 g/day.
To evaluate the potential effects of low-dose IL-2 in antiinfectious immunity, another randomised, open-labelled trial was performed ( ClinicalTrials. gov number NCT02932137). Twenty patients with active SLE were included and randomly assigned in a 1:1 ratio to one of the two arms (low-dose IL-2 or standard treatment) in the study.
These studies were performed in accordance with the protocol, the Declaration of Helsinki and Good Clinical Practice principles. All patients provided written informed consent.
Outcomes
The primary endpoint was the response measured by the SLE Responder Index-4 (SRI-4) at week 12. 23 SRI response was defined as (1) a ≥4-point reduction in Safety of Estrogens in Lupus Erythematosus National Assessment (SELENA)-SLEDAI score, 24 (2) no new British Isles Lupus Assessment Group (BILAG) A score or ≤1 new BILAG B score and (3) no deterioration from baseline in the physician's global assessment (PGA) by ≥0.3 points. The secondary endpoints were other clinical responses, safety and dynamics of immune cell subsets including T cell and NK cell subsets.
Complete renal remission (CR) in this study was defined as (1) serum creatinine within the normal range with stable or improved values as compared with baseline (no >15% above baseline), (2) inactive urinary sediment and (3) normal range proteinuria <0.3 g/24 hours. 25
Flow cytometry and intracellular cytokine assays
Relative proportions of CD4 + T cell, CD8 + T cell, Treg and NK cell subsets were analysed by flow cytometry using a FACSAria II (BD) instrument and FlowJo software (Tree Star). The detailed gating strategy for these subsets was outlined in online supplementary figure S1. The clone and catalogue numbers for all of the antibodies used in this study were provided in online supplementary table S6.
CD8 + T cell response to CMV-EBV-Flu (CEF) viral peptide pool stimulation was evaluated as described in previous studies. 26 Briefly, one million PBMCs were incubated with 1 µg each of the co-stimulatory CD28 and CD49d monoclonal antibodies (BD Pharmingen, San Diego, California, USA) and 5 µg of CEF viral peptide poolin 1 mL of 1640 media containing 10% human AB serum. The cultures were incubated at 37°C in a 5% CO 2 incubator for 1 hour, followed by an additional 5-hour incubation with 10 µg/mL of Brefeldin-A20. The cells were stained with antibodies staining CD3, CD8 and other cell surface markers, then fixed, permeabilised with BD FACS fixation and permeabilisation buffer set. Permeabilised cells were stained with fluorochrome-conjugated antibodies against cytotoxic cytokines for 30 min at 4°C.
For NK cell response evaluation, one million PBMCs were incubated at 37°C in a 5% CO 2 incubator for 5 hours with 10 µg/mL of Brefeldin-A20. These cells were stained with antibodies staining CD3, CD56 and other cell surface markers. After fixation and permeabilisation, these cells were stained with fluorochrome-conjugated antibodies against cytotoxic cytokines for 30 min at 4°C.
Statistics
The protocol was designed as a superiority trial to demonstrate whether low-dose IL-2 was more efficacious than placebo at the background of standard treatment for active SLE. Power calculations using parameters from a previous open-labelled pilot trial 11 had shown that 13 patients per group would provide 90% power, with two-sided p=0.05, to conclude that low-dose IL-2 was superior to placebo to achieve the primary endpoint.
For clinical characteristics and laboratory parameters, the primary efficacy analysis was a modified intention-to-treat (mITT) analysis that included all patients who were randomly assigned to this trial and underwent at least one efficacy assessment. Differences in the changes between baseline and the indicated time points were evaluated with paired-sample t-test for continuous variables and χ 2 test for categorical variables. Differences between the two groups at indicated time points were compared with Mann-Whitney U test for continuous variables and χ 2 test for categorical variables. The data were also analysed by perprotocol analysis which excluded patients who did not complete treatment and included only patients for whom outcome information was available. The safety population comprised all patients who received at least one cycle of study assessment. Safety variables were analysed descriptively with a between-group comparison of proportions of patients with adverse events. Statistical analysis was performed with the use of SPSS V.20.0. P value <0.05 was considered statistically significant.
reSulTS

Patient characteristics
Between June 2015 and September 2017, 60 patients with active SLE at 18-65 years of age were included. The patients were randomly assigned in a 1:1 ratio to receive low-dose IL-2 or placebo (figure 1). The characteristics of the patients were shown in online supplementary table S1 and S2. Mean age was 31.6 and 29.8 years, mean body surface area was 1.57 and 1.62 m 2 , and mean disease duration was 66.7 and 63.6 in IL-2 and placebo arms, respectively. Baseline disease characteristics were summarised in table 1. Thirteen of 30 in IL-2 group and 12 of 30 in placebo group showed signs of lupus nephritis (LN), with a median 24-hour urinary protein of 1.37 and 1.55, respectively. Other symptoms including rash, oral ulceration, alopecia and so on were showed in table 2. All the baseline characteristics were comparable between two groups. Concomitant treatments were shown in Table 1 , online supplementary table S1. Patients were carefully followed till week 24. The main reason for patient withdrawal in low-dose IL-2 group was inconvenience due to the required frequent hospital visits. In the placebo group, patient withdrawal mainly occurred because of unsatisfying therapeutic effects and development of SLE organ involvement (eg, neuropsychiatric systemic lupus erythematosus (NPSLE)) (figure 1). efficacy Improvements of clinical manifestations and laboratory parameters of patients with low-dose IL-2 therapy were shown in figure 2, table 2 and online supplementary table S3 . The SRI-4 response rates of IL-2 and placebo groups at week 12 were 55.17% (16/29) and 30.00% (9/30), respectively. The primary endpoint on SRI-4 response was not achieved at week 12 (p=0.052). Notably, the response rates proceeded for further 12 weeks until the end of follow-up period at week 24. At this time point, the SRI-4 response rate was 65.52% (19/29) in low-dose IL-2 group and 36.67% (11/30) in the placebo group (p=0.027) ( figure 2A ). The response rate of IL-2 group was also significantly higher than that of placebo group at week 6, 8, 10 and 16 (p<0.05) and more reductions in SELENA-SLEDAI scores were observed in IL-2 group (figure 2A, online supplementary table S13, figure 2B ).
As part of the clinical responses seen in the patients, the complete remission (CR) rate of LN was also significantly higher in the IL-2 group than the placebo group at both week 12 (53.85% vs 8.33%, p=0.013) and week 24 (53.85% vs 16.67%, p=0.036) (figure 2C, online supplementary table S5). Patients showed reduced 24-hour proteinuria in the low-dose IL-2 group from 1.55g at baseline to 0.48g at week 24 (p=0.002). In contrast, there was no significant change in 24-hour proteinuria in the placebo group (p=0.372) ( figure 2F ). Serum albumin was improved by IL-2 therapy in week 12 (p=0.046) and at the end of follow-up period in week 24 (p=0.017) ( figure 2E ). The levels of serum C3 and C4 were increased in the low-dose IL-2 group compared with the placebo group. And during the treatment period, more patients achieved normal levels of serum C3 and C4 in the low-dose IL-2 group than that in the placebo group (figure 2G and H).
As shown in table 2 and figure 2, clinical remission was accompanied by tapering corticosteroids in both groups. More reductions in corticosteroid were observed in the IL-2 group than in the placebo group. At week 24, 44.83% (13/29) of patients in the IL-2 group had reduced prednisone dose by ≥50%, compared with 33.33% (10/30) in the placebo group ( figure 2D) . Resolution of clinical manifestations present at baseline was observed in patients with IL-2 treatment, including rash (11/13), oral ulceration (4/4), arthritis (11/14), vasculitis (4/4), alopecia (7/12) and fever (3/3) (table 2, online  supplementary table S4 ). In addition, anti-dsDNA antibody titres decreased in patients with IL-2 treatment, but not in the placebo group (table 2) . Low-dose IL-2 treatment also resulted in improvements in the PGA and BILAG scores (table 2, online  supplementary table S4 ). However, there was no significant difference between IL-2 group and placebo group (online supplementary table S4).
Perprotocol analysis was also performed with exclusion of patients lost in follow-up, and the results were similar to those obtained by mITT analysis.
Safety
Adverse events during the treatment period were shown in table 23. A lower incidence of infection was recorded in the IL-2 group (6.9%, 2/29) compared with the placebo group (20.0%, 6/30), but without statistical significance. No serious adverse events in IL-2 group were observed, while two patients in the placebo group had serious infections and were hospitalised (table 3) . The most common adverse events were injection-site reactions, manifested as injection-site pain, redness and swelling, which were observed in 9 of 29 (31.0%) patients in the IL-2 group and 2 of 30 (6.7%) patients in the placebo group. Transient influenza-like symptoms and transient fever occurred in 3 (10.3%) and 4 (13.8%) patients in IL-2 group, respectively. These symptoms were resolved without intervention (table 3) .
Immunological analysis
Flow cytometry analysis demonstrated low-dose IL-2 therapy induced a significant expansion of Treg cells (p<0.05), while total CD4 + and CD8 + T cells remained unchanged (figures 3A,B,C, online supplementary figure S2 and table S9). A significant increase Figure 1 Patient enrolment and treatment assignments. Consolidated standards of reporting trials diagram was based on the 65 contacted SLE patients. Sixty of the patients were enrolled into two arms. Arm 1 (n=30), the IL-2 group, received three treatment cycles. Each cycle included subcutaneous IL-2 administration at a dose of 1 million IU every other day for 2 weeks (a total of seven doses) and a following 2-week break. Participants in arm 2 (n=30), the placebo group, started treatment with the same procedure as arm 1. mITT, modified intention-to-treat; N, no of patients.
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of total NK cells was found after IL-2 therapy, from 6.48% at baseline to 12.07% at week 10 (p<0.01), while no obvious changes were detected in the placebo group (figure 3D, online supplementary figur S2 and table S9). Among NK cells, CD56 bri NK subset increased with IL-2 therapy (p<0.05), which did not change significantly in the placebo group (figure 3E, online supplementary figure S2 and table S9).
To further verify the possible impact of IL-2 treatment on cell subsets involved in infectious immunity, a prospective, openlabelled observational study was conducted (NCT02932137). It showed that low-dose IL-2 activated NK cells and decreased viral titres in patients without antiviral therapy. The results of this study were described in online supplementary materials (online supplementary text; Online supplementary table S4, S6, S9, S11 and S12).
dISCuSSIOn
After being molecularly cloned in 1983, IL-2 was utilised to treat patients with melanoma and other cancers. Due to its function in supporting T-cell proliferation, survival and effector differentiation, IL-2 treatment, when used in high doses, demonstrated efficacy in a fraction of patients. The approval of IL-2 therapy in certain types of solid tumours significantly contributed to the establishment of the concept of cancer immunotherapy. 27 The management of active SLE is challenging due to the heterogeneous nature of the disease. Current therapy of active SLE relies primarily on corticosteroids and immunosuppressants to reduce disease activity. However, the incompletely effective outcomes achieved with these drugs are offset further by significant adverse effects, especially treatment-related infections. 5 6 The concept of low-dose IL-2 therapy in autoimmunity and inflammation was inspired by the key role of IL-2 in the development and function of Treg cells, which are essential in maintaining immune tolerance. Instead of promoting immunity by high-dose IL-2, open-labelled trials suggested that low-dose IL-2 suppressed inflammation and autoimmunity in hepatitis C-associated vasculitis, graft-versushost disease, type 1 diabetes, alopecia areata and SLE. 11-13 17-20 Low-dose IL-2 treatment was reported safe and associated with clinical improvements in these studies. The benefit of low-dose IL-2 therapy is considered to be based on the expansion of immune tolerance-inducing Treg cells and suppression of effector T cells, including T FH cells and T H 17 cells. 11 Therefore, randomised and double-blind trials are expected clinically to formally evaluate the safety and efficacy of lowdose IL-2 treatment, which has the potential to become a new therapy to treat a broad range of inflammatory and autoimmune disorders refractory to current therapies.
In this study, we evaluated low-dose IL-2 therapy in a prospective, randomised, double-blind, placebo-controlled clinical trial in patients with active SLE despite standard therapy. The results showed that compared with the placebo group, SLE patients with active disease improved rapidly and significantly with low-dose IL-2 therapy. Remarkably, 65.52% of SLE patients reached SRI-4 response at the end of this study in low-dose IL-2 group, in comparison to 36.67% in the placebo group. Reduced SELENA-SLEDAI scores and resolution of clinical features were observed, along with decreased serological activities in the form of reduced autoantibodies and increased serum complements. The improvement of disease activities was observed across a wide range of SLE manifestations, including skin lesions, joint, fever, nephritis and permitted tapering of corticosteroid during the period of IL-2 treatment. It was clearly shown that the dose of corticosteroid could be reduced more during treatment with IL-2 than with placebo, which is clinically critical in SLE management.
We observed that 76.92% of patients achieved partial remission and 53.85% reached CR after IL-2 treatment (table 1) at week 12. In addition to reduced proteinuria, increased serum albumin was also observed. This placebo-controlled study also confirmed the therapeutic effects of low-dose IL-2 on LN reported in previous non-controlled studies. 11 12 28 Since this study was not specifically designed to investigate the effects of IL-2 on LN and the number of patients with LN was limited, future studies on low-dose IL-2 treatment in LN or other autoimmune kidney diseases should be carried out.
One of the clinical observations in this study was the improvement in alopecia with the use of low-dose IL-2. The improvement of alopecia was of interest, given the recent report that low-dose IL-2 was effective in the treatment of severe alopecia areata. 17 Seven of 12 patients with alopecia in our study showed significant improvement with low-dose IL-2. Additionally, 11 of 13 patients with rash showed complete resolution of the skin lesion. This was in consistency with a recent study that demonstrated improvement in graft versus host disease (GVHD)-related erythema and scleroderma with low-dose IL-2. 15 Therefore, low-dose IL-2 might be an option to treat autoimmune skin diseases.
Distinct from immunosuppressants and biologics which often increased infection incidence, 29 low-dose IL-2 treatment was effective in SLE and was probably not accompanied with increased infection incidence. It has been reported that sustained expansion of Tregs by IL-2 inhibited autoimmunity in animal models without impairing immune responses to infection, vaccination and cancer. 30 In this study, low-dose IL-2 was shown to expand Treg cells as well as NK cells, while total CD4 + and CD8 + T cells were not affected. Previous studies demonstrated that the function of NK cells was impaired in active SLE, 31 and NK cells, especially the CD56 bright NK subset, have been reported to be a regulatory controller of autoimmune responses, mainly by inhibiting T-cell proliferation through cytotoxic engagement and immunosuppressive cytokine expression. 32 33 In this study, the CD56 bright NK subset was preferentially expanded by low-dose IL-2, and might contribute to the alleviation of SLE autoimmunity together with expanded Treg cells. NK cells are also important in protection against viral infections. 19 20 We observed significantly increased expression of IFNγ, NKp46 and NKG2D by NK cells in response to low-dose IL-2 treatment (online supplementary table S11), which implicated potential augmentation of anti-infectious cellular immunity. Clinically, in agreement with previous studies, 11 we showed that low-dose IL-2 did not increase the incidence of infection, rather reduced the viral loads of BK and HPV viral loads in three SLE patients to 10 11 13-16 the optimal dosage of IL-2 therapy for individual disease remains to be determined. It is also highly possible that individuals might respond differently to dosage regimen. A better efficacy using optimal dosage regimen might be achieved, which can be tested in future clinical trials.
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In this study, background treatments such as calcineurin inhibitors (CNIs) might affect the efficacy of low-dose IL-2 in our study. CNIs including cyclosporine or tacrolimus can impair the function of Treg cells while IL-2 was recently Systemic lupus erythematosus Table 3 The adverse events during low-dose IL-2 treatment in SLE patients reported to restore the survival and suppressive properties of Tregs exposed to CNIs. 34 Therefore, future clinical studies for low-dose IL-2 therapy should recruit a larger cohort and stratify patients based on background treatments, allowing analysing the therapeutic efficacy of low-dose IL-2 without the interference of background treatments. We observed a more rapid disease improvement in IL-2 group. As the trial proceeded, more patients in IL-2 group improved significantly, and at week 24, the SRI-4 response rate of IL-2 group was 65.52%, compared with 36.67% of the placebo group (p=0.027). However, some severe manifestations such as nephritis were unable to be achieve complete remission in such a short period. Therefore, during the trial, neither of the groups achieved 'Clinical Remission with No Treatment' or 'Clinical Remission On Treatment' by the DORIS definition. 35 Prolonged treatment should be considered in future studies to evaluate the efficacy of low-dose IL-2 to induce SLE disease remission by DORIS definition.
Collectively, the current study provided supportive evidence that low-dose IL-2 treatment might be effective and well tolerated in patients with SLE, which was supportive of further enlarged RCT studies with multiple patient cohorts from separate clinical centres.
